Vacuole fusion requires SNAREs, Sec17/18, a Rab, and HOPS. We find that co-27 incubation of HOPS, proteoliposomes bearing the Rab and R-SNARE, and 28 proteoliposomes with the Rab and any two Q-SNAREs yields a trans complex which 29 includes these 3 SNAREs. The missing Q-SNARE then triggers a burst of fusion, 30 indicating that each HOPS, R-, and QxQy-SNARE trans-complex is an activated 31 intermediate for functional Qz-SNARE incorporation. HOPS can assemble activated 32 fusion intermediates because it recognizes each of the four SNAREs, binding them 33 independently. HOPS-dependent fusion is saturable for each Q-SNARE, indicating 34 saturable functional sites on HOPS. Though a nonspecific tether allows fusion with pre-35 assembled Q-SNAREs, only HOPS catalyzes fusion when the Q-SNAREs are not pre-36 assembled by ushering each Q-SNARE into a functional complex. In contrast, there is 37 little spontaneous functional assembly of the 3 Q-SNAREs. HOPS thus recognizes each 38 of the 4 SNAREs to assemble a versatile set of activated fusion intermediates. 39 40 41 42 Hughson, 2016). SNARE (soluble N-ethylmaleimide-sensitive-factor attachment 48 receptor) proteins are found on both fusion partners, either in cis-SNARE complexes if 49 all are anchored to one membrane or trans-SNARE complexes if anchored to two 50 apposed membranes. SNAREs have heptad-repeat SNARE domains of approximately 51 50 aminoacyl residues with a central arginyl (R) or glutaminyl (Q) residue. SNAREs are 52 grouped by sequence homology into four families, R, Qa, Qb, and Qc (Fasshauer et al., 53 1998). SNARE complexes have one member each of the R, Qa, Qb, and Qc families, 54 with their -helical SNARE domains wrapped together in a coiled coil (Sutton et al., 55 1998). This 4-SNARE bundle is stabilized by the interior disposition of apolar residues, 56 with the exception of 1 arginyl and 3 glutaminyl residues in the center of the SNARE 57 domain, termed the 0-layer. SNARE complex assembly can be promoted by 58 Sec1/Munc18 (SM) family proteins (Baker et al., 2015; Jiao et al., 2018; Rizo and 59 Südhof, 2012). Disassembly of the post-fusion cis-SNARE complexes is catalyzed by 60 the ATP-driven chaperone Sec18/NSF, stimulated by its co-chaperone Sec17/SNAP 61 (White et al., 2018). Sec17 and Sec18 also function earlier, stimulating the fusion of 62 docked membranes (Song et al., 2017; Zick et al., 2015). Fusion also requires fatty acyl 63 fluidity (Zick and Wickner, 2016), acidic lipids and phosphoinositides to promote the 64 binding of peripheral membrane fusion proteins (Cheever et al., 2001; Mima and 65 Wickner, 2009; Orr et al., 2015), and nonbilayer-prone lipids (Zick et al., 2014) to enable 66 the bilayer rearrangements which are essential for fusion. 67 68 We study membrane fusion mechanisms with the vacuole (lysosome) of S. cerevisiae. 69 Vacuoles undergo constant fission and fusion, regulated by growth medium osmolarity. 70 Mutations which block fusion allow continued fission, resulting in a visibly altered 71 vacuole morphology which allowed selection of vam mutants in fusion (Wada et al., 72 1992). The VAM genes encode proteins which are unique to vacuole fusion: the Rab Results 130 131 In detergent micellar solution, SNAREs spontaneously assemble into 4-SNARE 132 complexes or subcomplexes (Fukuda et al., 2000). In the context of lipid bilayers, trans-133 SNARE complex assembly may be affected by the membrane anchoring of SNAREs, 134 by membrane apposition through tethering, and by the affinity of HOPS for the SNAREs 135 on each membrane. Tethering per se will support functional trans-SNARE formation 136 between R-and 3Q-SNARE proteoliposomes (Song and Wickner, 2019); does it suffice 137 if the Q-SNAREs are not pre-assembled? 138 139 HOPS-mediated assembly of fusion intermediates. To study the functional 140
Introduction 43 44
Membrane fusion at each organelle is orchestrated by conserved families of proteins 45 and lipids with complex binding relationships (Wickner and Rizo, 2017) 2008; Zick and Wickner, 2016) . The "priming" stage of fusion, which precedes 83 organelle association, entails phosphoinositide synthesis (Mayer et al., 2000) and 84
Sec17-and Sec18-dependent cis-SNARE complex disassembly (Mayer et al., 1996) . 85
Priming is a prerequisite for tethering (Mayer, 1997) , which is largely mediated by the 86 affinities of two of the HOPS subunits (Vps39 and Vps41) for the Rab Ypt7 on each 87 vacuole membrane (Brett et al., 2008) . Vacuoles also have a "back-up" tethering 88 system through the affinity of the PX domain of the Qc SNARE for PtdIns3P in trans 89 (Zick and Wickner, 2014) . HOPS has been proposed to catalyze the productive 90 association in trans of R-SNAREs with the Qa-SNARE from the closely apposed 91 membrane, initiating the formation of a trans 4-SNARE complex (Baker et al., 2015) . 92 Fusion can be supported by HOPS and SNAREs alone, but is further accelerated by 93 Sec17 and Sec18p without requiring ATP hydrolysis . 94 95 These fusion proteins and lipids show interdependent co-enrichment on docked 96 vacuoles at a ring-shaped microdomain surrounding the directly apposed bilayers 97 (Wang et al., 2002; Fratti et al., 2004) . The full panoply of affinities and functional 98 interactions of these fusion components is only now emerging. SM proteins are known 99 to bind to Qa SNAREs, and a conserved R-SNARE binding site has been found on the 100
Vps33 subunit of HOPS and on other SM proteins (Baker et al., 2015) . Other subunits 101 of HOPS, Vps16 and Vps18, bind the Qc SNARE (Krämer and Ungermann, 2011) 102 through the distinct PX region of Qc that is N-terminal to the Qc SNARE domain 103 (Stroupe et al., 2006) . Direct affinity of HOPS for Qb has not been reported. However, in SNARE underwent HOPS-dependent assembly of all of the Q-SNAREs, including Qb, 106 into a 4-SNARE complex . Once a 4-SNARE complex has assembled, 107 several Sec17/SNAP molecules can bind along its length (Zhao et al., 2015) . The N-108 terminal apolar loop of SNARE-bound Sec17 has direct affinity for the lipid bilayer (Zick 109 et al., 2015) , while the membrane-distal C-terminus binds Sec18/NSF (Marz et al., 110 2003; Winter et al., 2009) . HOPS also has direct affinity for phosphoinositides such as 111
PtdIns3P (Stroupe et al., 2006) and for acidic lipids (Karunakaran and Wickner, 2013) . 112
113
The availability of pure and active fusion proteins and their reconstitution into model 114 subreactions has allowed the detection of additional functional affinities among these 115 components. We now report that HOPS supports the assembly of an active state 116 between membranes bearing Ypt7 and the R-SNARE and other membranes bearing 117
Ypt7 and any two of the 3 Q-SNAREs. HOPS and these 3 SNAREs are in a stable, 118 isolable trans complex. Upon encountering the third Q-SNARE, this active state 119 supports strikingly rapid fusion. Without HOPS, proteoliposomes with any two Q-120 SNAREs are extremely slow to assemble with the third. The capacity of HOPS to form 121 3-SNARE rapid fusion intermediates is supported by the finding that HOPS binds 122 directly to each SNARE. As a complementary demonstration of the functionality of 123 HOPS recognition of each Q-SNARE, we show that the HOPS-mediated fusion of R-124 and single Q-SNARE proteoliposomes is saturable over a wide range of concentations 125 of soluble forms of the other Q-SNAREs, whereas there is no saturation when HOPS is 126 replaced by an artificial tether. Thus HOPS recognition of each Q-SNARE supports its 127 functional assembly with the others without an obligate order. 128 7 membrane-anchored Q-SNAREs and omitting Qa, Qb, or Qc, respectively. Each of 161 these Ypt7/2Q-SNARE proteoliposomes fused well with Ypt7/R-SNARE 162 proteoliposomes when incubated with both HOPS and the soluble form (without 163 membrane anchor) of the omitted Q-SNARE ( Figure 1C- (Figures 1, 3) . passages) and lysates were centrifuged in a Beckman 60ti rotor (1hr, 50,000 rpm, 4˚C). 453
The supernatant was nutated (2h, 4˚C) with 10ml glutathione-Sepharose 4B resin (GE 454
Healthcare, Pittsburg, PA) in resuspension buffer. The slurry was poured into a column, 455 the settled resin was washed with resuspension buffer, and protein eluted with 100mM 456 HEPES-NaOH pH 7.8, 300mM NaCl, 20mM glutathione. The protein peak was dialyzed 457 into RB150 (20mM HEPES-NaOH pH 7.4, 150mM NaCl, 10% glycerol [vol/vol]) in 6-8K 458 molecular weight cutoff dialysis tubing (Fisher Scientific, Pittsburgh, PA), aliquoted, and 459 frozen in liquid nitrogen. GST-sVam3 was purified the same way as GST-sNyv1, 460 except that the growth media also contained 37 g/ml chloramphenicol, the culture was 461 grown to OD600 of 1.0 before induction, the elution buffer was 20mM HEPES-NaOH pH 462 7.4, 300mM NaCl, 20mM glutathione, 1mM DTT, and the eluate was frozen in aliquots 463 83.5% diC18:2 PC, 15% diC18:2 PS and 1.5% NBD-PE. Proteins were added at 481 protein:lipid ratios as described in the figure legends. Proteoliposomes were isolated by 482 flotation through density medium as described (Zick and Wickner, 2013) Thesit. Lipid recovery was assayed as described (Orr et al., 2014) , measuring either 500 rhodamine fluorescence (excitation, 560nm; emission, 580nm; cutoff 570) or NBD 501 fluorescence (excitation, 460nm; emission, 538nm; cutoff 515), depending on the 502 composition of the liposomes. Bound protein determination was performed as 503 described (Orr et al., 2014) . 504 505
Fusion assay 506
Proteoliposomes were nucleotide exchanged by incubating proteoliposomes (1 mM 507 lipid), RB150, streptavidin (10 M), EDTA (2 mM), and GTP (20 M) for 10 min at 27˚C. 508
Nucleotide exchange was completed by adding MgCl2 (4 mM) and the mixture was 509 placed on ice. The fusion reaction was initiated by mixing 5 l each of GTP exchanged GST-PX, and soluble SNAREs as noted), for a total volume of 20ul. Plates (Corning 512 4514, 384 wells) were incubated at 27˚C in SpectraMax Gemini XPS (Molecular 513
Devices, Sunnyvale, CA) fluorescence plate reader and lumenal mixing was assayed 514 every minute, as described (Zick and Wickner, 2016) . with HOPS gives more rapid fusion when the third soluble SNARE is added than when 815 all components are mixed without preincubation. Fusion assays were as described in 816 
